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Introduction
Having retained and preserved pristine material from the solar nebula, comets contain unique clues to the history and evolution of the solar system (Irvine et al., 2000) . Isotopic ratios are important indicators of the conditions under which cometary materials formed, since isotopic fractionation is very sensitive to physical conditions. In addition, the characterization of the isotopic composition of long-period comets from the Oort cloud and of short-period comets from the Jupiter family can provide clues to their formation regions in the early solar system. The D/H ratio in water has been determined in several Oortcloud comets (OCC) using different techniques, with most measurements agreeing with a value of ∼ 3 × 10 −4 (Jehin et al., 2009 , and references therein). In addition, the ratio was measured using the ESA Herschel Space Observatory (Pilbratt et al., 2010) in the Jupiter-family comet (JFC) 103P/Hartley 2 (Hartogh et al., 2011) , where it was found to be (1.61 ± 0.24) × 10 −4 , i.e., consistent with the Vienna standard mean ocean water (VSMOW) value equal to 1.558 × 10 −4 . This result was unexpected. Models quantifying the deuterium enrichment factor in the solar nebula with respect to the protosolar value predicted an increase in the D/H ratio with increasing heliocentric distance (e.g., Hersant et al., 2001; Kavelaars et al., 2011) . According to the most accepted theory, OCCs and JFCs originate from the same population of objects formed in the Uranus-Neptune zone (Dones et al., 2004) , though part of the Oort cloud was possibly formed by planetesimals scattered from the Jupiter-Saturn region ⋆ Herschel is an ESA space observatory with science instruments provided by European-led principal investigator consortia and with important contribution from NASA. (Brasser, 2008) . Therefore, JFCs were expected to exhibit a D/H ratio similar to or higher than that in OCCs (Kavelaars et al., 2011) .
We present in this paper a new measurement of the D/H ratio in the water of an Oort-cloud comet, obtained with the same instrumentation and methodology as those used for comet 103P/Hartley 2. Comet C/2009 P1 (Garradd) was observed with the Heterodyne Instrument for the Far-Infrared (HIFI, de Graauw et al., 2010) in the framework of the Herschel guaranteed time key programme "Water and related chemistry in the solar system" (Hartogh et al., 2009 ).
Observations
Comet C/2009 P1 (Garradd) is a long-period comet originating from the Oort cloud (P = 127 000 yr, orbit inclination of 106
• with respect to the ecliptic; Nakano, 2012 (Bensch & Bergin, 2004; Zakharov et al., 2007) , lines of the rare oxygen isotopic counterpart H 18 2 O should, in principle, provide a more reliable reference for the D/H determination.
The observing sequence followed the same scheme as that used for comet 103P/Hartley 2 (Hartogh et al., 2011) . It consisted of ten 30-min long observations of the HDO 1 10 -1 01 rotational line at 509.292 GHz, interleaved with 6-min simulta- 187, 189, 191, 193, 195, 197, 199, 201, 203, and 205. (d) Obsid: # = 186, 188, 190, 192, 194, 196, 198, 200, 202, and 204. (e) (i) For single-point data, a 4 ′′ beam offset is considered (Appendix A). For mapping data, the production rate corresponds to the weighted mean of apparent production rates measured over the whole map, and the error bar is the dispersion around the mean. ′′ from the peak. The velocity scale is given with respect to the comet rest frame. Synthetic line profiles obtained with 30% extended production (see text) are shown by red dotted lines. Gas acceleration (velocity increasing from 0.48 km s −1 to 0.58 km s −1 from r = 10 4 km to 10 5 km) is considered to fit more closely the wings of the profiles (Combi et al., 2004 ). neous measurements of the H 2 O and H 18 2 O 1 10 -1 01 ortho lines at 556.936 GHz and 547.676 GHz, respectively. In addition to these single-point measurements, two on-the-fly maps of the H 2 O 1 10 -1 01 transition (of 16-min duration) were acquired at the beginning and end of the sequence. Finally, a map of the H 2 O 2 02 -1 11 para transition at 987.926 GHz was performed with an integration time of 25 min. The full sequence spanned 6.85-14.71 UT on 6 October, with the maps serving to constrain the H 2 O excitation de Val-Borro et al., 2010 2 O, and HDO lines, respectively), so that the three molecules were observed over the same (∼ 55 000 km diameter) region of the coma. Figure 1 shows the HRS spectra of the single pointing measurements (HDO, H 2 O, and H 18 2 O 1 10 -1 01 lines), as well as the H 2 O 2 02 -1 11 spectrum extracted from the central part of the map. Data reduction and calibration uncertainties are discussed in Appendix A. The HDO line is detected with a line-integrated signal-to-noise ratio of 17. Maps are shown in Fig 2. Line intensities and velocity offsets (∆v) in the comet rest-frame are given in Table 1 . The H 2 O 1 10 -1 01 line at 557 GHz is optically thick and has an asymmetric profile owing to self-absorption in the foreground coma. Intensity variations with time of up to 7% are observed for this line, which is related to intrinsic comet variability or instrumental effects. Optically thin HDO and H 18 2 O lines have approximately symmetric profiles. As the phase angle was 32
• , the small negative-velocity offset observed for these lines suggests a modest excess of outgassing toward the Sun.
Analysis
The analysis was carried out using one-dimensional excitation models of HDO, H 2 O, and H 18 2 O . Models include collisions with H 2 O and electrons, which dominate the excitation in the inner coma, and solar infrared pumping of vibrational bands followed by spontaneous decay, which establishes fluorescence equilibrium in the outer coma. Radiation trapping strongly affects H 2 O excitation and is considered using the escape probability formalism. Consistent results were obtained using state-of-the-art radiation transfer methods (Hartogh et ′′ 5 at 557 GHz and 988 GHz, respectively. 2010; Bensch & Bergin, 2004; Zakharov et al., 2007) . Synthetic spectra are then computed using radiative transfer modelling. We assumed isotropic outgassing at a constant velocity. The model input parameters are: i) the gas expansion velocity, assumed to be 0.6 km s −1 , corresponding to the half widths of optically thin HDO, H 2 O (988 GHz), and H 18 2 O lines; ii) the gas temperature profile; iii) the x ne scaling factor of the electron density profile, taken to be equal to 0.2 Hartogh et al., 2010; de Val-Borro et al., 2010) . The H 2 O ortho-to-para ratio is assumed to be 3.
Line intensities for spectra probing the inner coma are sensitive to the gas temperature profile, which controls both the population of the rotational levels and the optical depth of the lines. Hence, the evolution of the intensity of the H 2 O 1 10 -1 01 and 2 02 -1 11 lines with beam offset, ρ (km), carries information about the temperature profile. Figure 3 presents the apparent H 2 O production rate Q app (H 2 O) as a function of ρ deduced from the maps. With appropriate modelling, the Q app curve should be flat, if the nucleus is the dominant source of water vapour with a constant outgassing rate. Figure 3 presents the results for T kin = 47 K, a value consistent with multi-line observations of methanol undertaken with the IRAM 30-m telescope in September and October 2011 with a 17 ′′ beam comparable to the HIFI beam (Biver et al., 2012) . For both lines, Q app (H 2 O) increases with increasing ρ for a constant temperature profile. Deviations from constant Q app (H 2 O) are enhanced when using x ne > 0.2 . The temperature law T law that minimizes the deviations of Q app (H 2 O) from a constant value, and provides consistent (within 15%) water production retrievals from the two lines, has a minimum of 20 K at a distance r = 4-20 × 10 3 km from the nucleus (thereby increasing the selfabsorption and Q app values) and then increases up to 150 K at r = 8 × 10 4 km (Fig. 3) . This temperature increase may be related to the increased efficiency of photolytic heating (Combi et al., 2004) . We note that the line intensities are weakly sensitive to the temperature at r < 1000 km and r > a few 10 4 km. The velocity offsets ∆v of the on-nucleus synthetic 557(988) GHz line profiles are +292 (+50) and +259 (+39) m s −1 , for T law and T kin = 47 K, respectively. Hence, the model with a variable temperature also fits more closely the large positive ∆v of the central 557 GHz spectra (+320 m s −1 , Table 1 ), as it enhances the optical thickness of the line.
We examined whether the increase in Q app (H 2 O) with ρ obtained with constant T kin could instead be attributed to water production from icy grains in the outer coma. For T kin = 47 K, we are able to obtain a flat Q app (H 2 O) profile for the 557 GHz line when assuming that 90% of water production is extended with a characteristic Haser scale-length of L ext = 30 000 km. However this model is unsatisfactory since: i) the apparent production rate given by the 988 GHz line now decreases with increasing ρ; 2) the predicted ∆v of the 557 GHz line is 30% lower than observed; 3) the inferred 16 O/ 18 O ratio in water is then three times lower than the Earth value. On the other hand, subliming icy grains were possibly present in C/2009 P1 (Garradd)'s coma (Paganini et al., 2012) . We therefore considered an alternative model with moderate (30%) water production from long-lived icy grains (model outputs are insensitive to an unresolved source of water). This model explains the water 557 and 987 GHz maps for L ext = 50 000 km and a temperature law similar to T law (minimum of 20 K at r = 4-16 × 10 3 km). The retrieved production rates and production rate ratios are identical (within 3%) to those found for nuclear production with T law . This model accounts satisfactorily for the observed line profiles (Fig. 1) . Table 1 presents the production rates calculated with T law , along with those for constant T kin = 25 K and 47 K. To compute the error bars in the production rate and isotopic ratios (derived from the simultaneous single-point data), we take into account a 5% relative calibration uncertainty (Appendix A). Using T law , the HDO/H 18 2 O production rate ratio is 0.215 ± 0.023. This is significantly larger than the value 0.161 ± 0.017 measured for 103P/Hartley 2 (Hartogh et al., 2011) . For T kin = 25 K and 47 K, one finds HDO/H 2 O production rate ratios derived from the band 1a observations using T kin = 47 K is 419 ± 26, while for T law and T kin = 25 K one finds 523 ± 32 and 470 ± 29, respectively. These latter values are in good agreement with previous measurements in comets (Jehin et al., 2009, and . This value will be adopted for the discussion. We note that consistent results are derived using constant (25-47 K) gas temperatures and 30% extended production (central values ranging from 1.96 to 2.33 × 10 −4 ) . The water production rate derived using T law is in the high range of values measured by other techniques in October 2011 (see discussion in Appendix B). Using a lower value would imply that the water of C/2009 P1 (Garradd) is highly enriched in 18 O relative to both the Sun and all rocky bodies of the inner solar system (McKeegan et al., 2011 (McKeegan et al., 2011) , except for CO in the Titan's atmosphere (Courtin et al., 2011) . Our preferred interpretation is thus that the 16 O/ 18 O ratio in comet Garradd is consistent with the VSMOW value.
Discussion
The discovery of a D/H value equal to that of the Earth's oceans in the Jupiter-family comet 103P/Hartley 2 showed that the reservoir of Earth-like water in the solar system is substantially larger than previously thought, including now both carbonaceous meteorites and comets (Hartogh et al., 2011) . It also revealed that isotopic diversity is present in the comet population, with members of the Oort cloud having a deuterium enrichment of up to a factor of two with respect to VSMOW (Fig. 4) . As discussed by Hartogh et al. (2011) , the suggested dichotomy between Oort-cloud and Jupiter-family comets is difficult to explain in the context of current models predicting deuterium enrichments in cometary ices, and, if real, would imply to revisit the source regions of OCCs and JFCs. Actually, the only dynamical theory that could explain in principle an isotopic dichotomy in D/H is the one arguing that a substantial fraction of Oort-cloud comets were captured from other stars when the Sun was in its birth cluster (Levison et al., 2010) .
The paradigm for a single, archetypal D/H ratio for all Oort-cloud comets is no longer tenable. The value of (2.06 ± 0.22) × 10 −4 measured in comet C/2009 P1 (Garradd) is smaller than the mean of previous determinations in Oort-cloud comets ((2.96 ± 0.25) × 10 −4 , Hartogh et al., 2011) , and is consistent with the upper limit of 2.5 × 10 −4 measured in comet 153P/Ikeya-Zhang (Fig. 4 , Biver et al., 2006) . We note that Brown et al. (2012) reexamined mass-spectrometer measurements for 1P/Halley (Eberhardt et al., 1995) , reevaluating this value to be 2.1 × 10 −4 . Altogether, the available data suggest that the deuterium enrichment in the water of Oort-cloud comets is not as high as previously thought, at least for a fraction of the population. Nevertheless, the D/H ratio measured in comet C/2009 P1 (Garradd) is significantly higher (by 2.3 σ) than the VSMOW value measured in 103P/Hartley 2. Interestingly, the range of D/H ratios measured in Stardust samples from comet 81P/Wild 2 (McKeegan et al., 2006) is the same as measured in the bulk water of various comets.
Dynamical modelling suggests that the distribution of planetesimals underwent large-scale mixing during the stages of planetary migration (Walsh et al., 2011) . Therefore, variations in the cometary D/H may be expected within each population, if ancestor reservoirs were isotopically different. Isotopic diversity may be linked to the large compositional diversity observed within both OCC and JFC populations . Finally, experimental studies of ice sublimation suggest that the D/H measured in the evaporated vapour might be enhanced or depleted with respect to the bulk D/H in the cometary nucleus (Brown et al., 2012) . This demonstrates the need to increase the sample of comets with accurate measurements of the D/H ratio, as well as perform further modelling.
